Heterogeneous nuclear ribonucleoprotein K (hnRNP K) is an RNA-binding protein implicated in RNA metabolism. Here, we investigated the role of hnRNP K in synapse function. We demonstrated that hnRNP K regulates dendritic spine density and long-term potentiation (LTP) in cultured hippocampal neurons from embryonic rats. LTP requires the extracellular signal-regulated kinase (ERK)1/2-mediated phosphorylation and cytoplasmic accumulation of hnRNP K. Moreover, hnRNP K knockdown prevents ERK cascade activation and GluA1-S845 phosphorylation and surface delivery, which are essential steps for LTP. These findings establish hnRNP K as a new critical regulator of synaptic transmission and plasticity in hippocampal neurons.
Introduction
Heterogeneous nuclear ribonucleoprotein K (hnRNP K) is an RNA-binding protein (RBP) involved in RNA metabolism (Glisovic et al., 2008) . hnRNP K is a substrate of various kinases, and both its localization and activity are modulated by phosphorylation (Habelhah et al., 2001) . hnRNP K post-transcriptionally regulates multiple cytoskeletal genes, including Actin Related Protein 2 (Arp2), thereby promoting axon outgrowth in Xenopus laevis (Liu et al., 2008; Liu and Szaro, 2011) . Furthermore, hnRNP K interacts with Wiskott-Aldrich syndrome protein (N-WASP), indicating a role in the regulation of actin dynamics (Yoo et al., 2006) . hnRNP K also interacts with Abelson-interacting protein 1, thereby regulating dendritic arborization in neurons (Proepper et al., 2011) . In the rat brain, hnRNP K is widely expressed during development, and its expression is maintained throughout adulthood in the neocortex, the hippocampus, and the cerebellum (Proepper et al., 2011) . Here, we investigated the synaptic role of hnRNP K in hippocampal neurons. We demonstrated that hnRNP K regulates the density and molecular composition of dendritic spines. Moreover, hnRNP K is required for extracellular signal-regulated kinase (ERK) cascade activation and long-term potentiation (LTP) in hippocampal neurons.
Materials and Methods
Cell culture and transfection. All experiments were performed on dissociated hippocampal neurons prepared from rat embryos of either sex at a gestational age of 18 d and transfected at 12 d in vitro (DIV) using the calcium phosphate method as previously described (Bassani et al., 2012) . The neurons were used at 18 DIV.
cDNA constructs. hnRNP K siRNA (Lynch et al., 2005) and scrambled siRNA (scrambled) sequences were cloned into the vectors pLL3.7 and pLVTHM. HA-hnRNP K WT and HA-hnRNP K S284A/S353A were a kind gift from Dr. Ronai Z. (Habelhah et al., 2001) .
Lentiviral infection. Hippocampal neurons were infected at 8 DIV with siRNA or scrambled as previously described (Bassani et al., 2012) and were used at 18 DIV.
Immunostaining. Hippocampal neurons were stained and analyzed as previously described (Bassani et al., 2012) . Images were acquired with an LSM 510 Meta confocal microscope (Carl Zeiss; gift from F. Monzino).
Protein extraction and fractionation. Total homogenates and nucleus/ cytoplasm fractionation were performed as previously described (LauryKleintop et al., 2005) . The crude synaptosomal fraction (P2) was obtained as previously described (Proepper et al., 2011) .
Biotinylation assay. The biotinylation assay was performed as previously described (Ehlers, 2000) .
Real-time PCR. Cell lysis, RNA extraction, genomic DNA removal, reverse transcription, and real-time PCR were performed with a TaqMan Gene Expression Cells-to-CT Kit (Life Technologies). cDNAs were amplified by real-time PCR using the TaqMan Gene Expression Master Mix and the TaqMan Gene Expression Assays Rn00470532_g1 (hnRNP K) and Rn99999916_s1 (GAPDH).
Antibodies. The following antibodies and dilutions were used: rabbit antibodies against hnRNP K [1:100 for immunofluorescence (IF) and 1:5000 for Western blot (WB); MBL], vesicular glutamate transporter 1 (VGLUT1; 1:800; Synaptic Systems), GluA1 (1:2000; Millipore), GAPDH (1:1000; Santa Cruz Biotechnology), pGluA1-S845 (1:1000; Cell Signaling Technology), vesicular GABA transporter (VGAT; 1:800; Synaptic Systems), phnRNP K-S284 (1:500; Sigma-Aldrich), and mitogenactivated protein kinase kinase 1/2 (MEK1/2; 1:500; Santa Cruz Biotechnology); mouse antibodies against PSD-95 (1:200 for IF and 1:10,000 for WB; NeuroMab), GluA2 (1:200; Millipore), and SP1 (1: 1000; Millipore); and a goat antibody against pMEK1/2 (1:500; Santa Cruz Biotechnology).
Electrophysiology. Whole-cell patch-clamp recordings were performed as previously described (Bassani et al., 2012) . The decay of the miniature EPSCs (mEPSCs) was fitted using a bi-exponential equation. For chemical LTP (cLTP) experiments, a glycine solution was used as previously described (Lu et al., 2001) . After 10 min of stable recording of mEPSCs, the cLTP solution was perfused for 3 min. mEPSCs were then recorded for 40 min after induction or used for WB or IF as described.
Calcium imaging. To measure intracellular calcium concentration ([Ca 2ϩ ] i ) changes, neurons were loaded with an intracellular solution containing 200 M Oregon Green BAPTA-1. Dendritic fluorescence (F) was monitored for 5-7 min before, 10 min after, and during the 3 min of glycine perfusion (Gall et al., 2005) . For each condition, multiple regions of interest (ROIs) in two to three dendrites of each neuron were considered for analysis. The ROI fluorescence intensity (F) was normalized against the background fluorescence (Fb), and F-Fb was then analyzed.
Statistics. Data are expressed as the mean Ϯ SEM. Statistical significance was assessed using an unpaired Student's t test (two means) or one-way ANOVA with an appropriate post hoc test (more than two means). Each experiment was repeated three times using neurons from three independent preparations. At least seven neurons per condition from each preparation were analyzed for IF.
Results

hnRNP K knockdown affects synaptic density and transmission
In hippocampal neurons, hnRNP K was detected in the dendritic spines and colocalized with the presynaptic protein VGLUT1 and the postsynaptic scaffolding protein PSD-95 (Fig. 1A) .
To explore the role of hnRNP K in neurons, we knocked down hnRNP K using a specific siRNA (Lynch et al., 2005) and determined that hnRNP K silencing reduced the dendritic length and branching and the spine density ( Fig. 1 B, C) , while the spine shape remained unchanged (data not shown). These effects were prevented by the coexpression of an siRNA-resistant hnRNP K (rescue; Fig. 1 B, C) . We next examined the effect of hnRNP K knockdown on synaptic protein expression. GluA2 and PSD-95 expression were significantly reduced following hnRNP K silencing, whereas VGAT, VGLUT, GluA1, synapsin, and synaptophysin were unchanged ( Fig. 1D ; data not shown). Coexpression of the siRNA-resistant hnRNP K normalized GluA2 and PSD-95 protein levels (Fig. 1D) .
We next investigated whether hnRNP K modulates excitatory synaptic transmission by recording mEPSCs in hnRNP K-silenced hippocampal neurons. hnRNP K silencing did not change the current peak amplitude but specifically decreased the mEPSC frequency. The currents of silenced neurons were also characterized by slower decay kinetics compared with those of scrambled and rescued neurons (Fig. 1E ). These results indicate that hnRNP K regulates the density and molecular composition of dendritic spines and spontaneous excitatory transmission. cLTP induces the expression, phosphorylation, and cytoplasmic accumulation of hnRNP K Because the levels of many RBPs increase with synaptic activity (Zhang et al., 2012), we tested the hypothesis that cLTP modifies the levels and distribution of hnRNP K. Upon cLTP induction, we observed a transient increase in hnRNP K mRNA after 25 min ( Fig. 2A) and a sustained increase in hnRNP K protein from 25 to 75 min (Fig. 2B) .
Treatment with 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB) and cycloheximide (CHX), which inhibit transcription and protein synthesis, respectively, prevented the effects of cLTP on hnRNP K expression (Fig. 2C,D) . Furthermore, 25 min after cLTP induction, the phosphorylation of S284 of hnRNP K increased (Fig. 2E ). S284 is a target of ERK1/2 (Habelhah et al., 2001); thus, we treated neurons with the ERK1/2 inhibitor U0126 and observed that U0126 prevented hnRNP K phosphorylation (Fig. 2F ). Because the subcellular distribution and activity of hnRNP K can be modified by phosphorylation (Habelhah et al., 2001 ), we performed subcellular fractionation experiments and observed that cLTP increased the level of hnRNP K in the cytoplasm (Fig. 2G ), while the hnRNP K levels in the crude synaptosomal fraction (P2) remained unchanged (Fig. 2H ) . Overall, our results indicate that cLTP increases the expression, ERK1/2-mediated phosphorylation, and cytoplasmic recruitment of hnRNP K, strongly supporting its involvement in LTP processes.
hnRNP K knockdown precludes cLTP in hippocampal neurons
We investigated cLTP in hippocampal neurons expressing hn-RNP K siRNA or the scrambled sequence. In agreement with a previous report (Kim et al., 2007) , cLTP increased the PSD-95 cluster size and PSD-95/VGLUT1 colocalization in control neurons (Fig. 3A) . Notably, the hnRNP K-silenced neurons displayed a reduced PSD-95 cluster size and PSD-95/VGLUT1 area of colocalization under basal conditions, and both parameters decreased following cLTP (Fig. 3A) .
cLTP induction increased the amplitude and frequency of mEPSCs and decreased the coefficient of variation in control neurons ( Fig. 3B ; data not shown). Conversely, cLTP induction in hnRNP K-silenced neurons decreased the amplitude of mEPSCs without affecting the frequency or coefficient of variation ( Fig. 3B ; data not shown). These effects were rescued by coexpressing hnRNP K siRNA with WT hnRNP K.
Although the hnRNP K mutant (S284A/S353A), which cannot be phosphorylated by ERK1/2 (Habelhah et al., 2001), did not rescue LTP, the decrease in mEPSC amplitude observed in silenced neurons after glycine treatment was not observed ( Fig. 3B ; data not shown).
These data demonstrate that hnRNP K expression and phosphorylation are necessary for cLTP induction in hippocampal neurons. Notably, the S284A/S353A mutant was able to rescue the effects on dendritic spine density and mEPSC frequency (Fig.  3C,D) , which indicates that hnRNP K phosphorylation is not required for spine density or basal excitatory transmission.
Next, we assessed whether hnRNP K silencing modifies LTP by affecting NMDAR currents. The NMDAR current amplitude, NMDA/AMPA current ratio, and NMDAR current decay kinetics were similar between scrambled and silenced neurons (Fig. 3E) .
As changes in the calcium threshold can underpin an LTP/ LTD switch (Cummings et al., 1996) , we measured the increase in intracellular calcium in dendrites, normalized for the number of spines, during glycine perfusion. No differences were observed between scrambled and siRNA-expressing neurons (Fig. 3F ) . These results suggest that hnRNP K silencing prevents cLTP through a mechanism that is independent of NMDAR and calcium influx. The panels show a merge of the channels under distinct conditions. B, Left, neurons were transfected with scrambled, siRNA, siRNA plus hnRNP K WT (rescue WT), or siRNA plus hnRNP K S284A/S353A (rescue S284A/S353A). Each row shows recordings before and after glycine treatment and the averages of 50 mEPSCs recorded before (black) and after (red) glycine treatment. Right, The average time course is shown. The graph indicates the percentage of amplitude change 5 min after induction (scrambled ϩ28 Ϯ 6%; siRNA Ϫ36 Ϯ 2%; rescue WT ϩ37 Ϯ 4%; rescue S284A/S353A Ϫ6 Ϯ 3%; ***p Ͻ 0.001). C, Dendritic spine density was analyzed in neurons transfected with scrambled or rescue S284A/S353A ( p Ͼ 0.05). Scale bar, 10 m. D, Histograms showing the mean mEPSC frequency, peak, amplitude, and decay kinetics for neurons transfected with scrambled or rescue S284A/S353A ( p Ͼ 0.05). E, Average of 50 mEPSCs, showing traces recorded at ϩ60 mV and Ϫ70 mV, to compare the NMDA and AMPA components, respectively, of the glutamatergic current. The dashed lines and arrows indicate the point of measurement of the AMPA and NMDA peaks at ϩ60 mV. No differences were detected in the NMDA peak and combined NMDA/AMPA current between neurons transfected with scrambled or siRNA. F, Calcium imaging before and during glycine treatment of neurons transfected with scrambled or siRNA. Histograms represent the average percentage change in the fluorescence normalized against the number of spines, which was estimated by imaging experiments (left) or by morphological analysis (right). NT, not treated.
hnRNP K knockdown inhibits ERK cascade activation and GluA1 membrane delivery during cLTP
Because hnRNP K regulates ERK cascade activation (Mikula and Bomsztyk, 2011), we investigated whether hnRNP K silencing affects ERK1/2 signaling during cLTP. Notably, following cLTP induction, phosphorylated MEK1/2 (pMEK) and ERK1/2 (pERK1/2) increased in scrambled but not siRNAexpressing neurons (Fig. 4A) . In neurons, ERK1/2 phosphorylation is required for GluA1 phosphorylation of S845 (pGluA1-S845; Song et al., 2013) and the delivery of GluA1-containing AMPARs to synapses during LTP (Zhu et al., 2002) . Accordingly, hnRNP K-silenced neurons did not exhibit an increase in pGluA1-S845 or GluA1 surface expression during cLTP (Fig. 4 B, C) .
These data suggest that hnRNP K acts upstream of the ERK1/2 cascade and controls the S845 phosphorylation and surface expression of GluA1 during LTP in hippocampal neurons.
Discussion
This study identified hnRNP K as a key determinant of synapse plasticity in the hippocampus.
hnRNP K colocalizes with dendritic spine markers, and this evidence prompted us to hypothesize a role for hnRNP K in synapse function.
We demonstrated that both the dendritic spine density and mEPSC frequency are reduced in hnRNP K-silenced neurons. Because we recorded hnRNP K-silenced cells that received inputs from untransfected cells, the reduction in the mEPSC frequency likely reflects the lower spine density. Furthermore, the lack of alterations in the mEPSC variation coefficient and in presynaptic marker expression excludes a deficit in presynaptic release. Because the dendritic spine size and mEPSC amplitude do not differ from those of control neurons, the major effect of hnRNP K knockdown is the reduction of dendritic spines, consistent with previous results, demonstrating that hnRNP K knockdown reduces the synapse number in neurons (Proepper et al., 2011) .
Hence, our results support a role of hnRNP K in the modulation of synaptogenesis or spine stabilization, thereby controlling the overall dendritic spine density. Because the involvement of hnRNP K in N-WASP and Arp2/3 complex regulation is well established (Yoo et al., 2006; Liu et al., 2008; Proepper et al., 2011) , spine defects in silenced neurons are likely the result of the loss of the regulation of cytoskeletal dynamics by hnRNP K. However, the precise mechanisms by which hnRNP K modulates the polymerization of cytoskeleton filaments remain poorly understood. hnRNP K knockdown in mature hippocampal neurons causes an enlargement of the dendritic tree (Proepper et al., 2011) , and we observed that hnRNP K knockdown at earlier developmental stages (12 DIV) reduces the dendritic length and branching. Based on these findings, an intriguing hypothesis that warrants closer examination is that the role of hnRNP K in dendritic arborization is developmentally regulated, such that hn-RNP K promotes arborization in young neurons while inhibiting it in mature neurons.
Furthermore, hnRNP K-silenced neurons exhibit a reduction in PSD-95 and GluA2 expression levels and in mEPSC decay kinetics compared with control neurons. In addition to reflecting a general reduction in spine number, these data suggest that the GluA2 content at synapses is also reduced; in fact, changes in the subunit composition of AMPAR at the synapse, with a prevalence of GluA1 homomers compared with GluA1-GluA2 heteromers, is generally responsible for the slower mEPSC decay kinetics (Jonas, 2000; Lu et al., 2009) .
As cytoskeletal dynamics, together with AMPAR content and subunit composition, are critical determinants of synaptic strength and plasticity (Schwechter and Tolias, 2013), we investigated the potential role for hnRNP K in LTP. Interestingly, we determined that cLTP induction requires both hnRNP K-mediated activation of the ERK cascade and hnRNP K phosphorylation by ERK1/2. The capability of hnRNP K and ERK1/2 for reciprocal activation has been described previously (Mikula and Bomsztyk, 2011), and we investigated the role of this cross talk in LTP.
hnRNP K phosphorylation by ERK1/2 has been reported to enhance hnRNP K nuclear export (Habelhah et al., 2001) , consistent with hnRNP K cytoplasmic accumulation after cLTP induction. Furthermore, the capability of hnRNP K to bind ERK1/2 (Laury- Kleintop et al., 2005) prompted us to speculate that hnRNP K could recruit ERK1/2 in the cytoplasm. In addition to its nuclear role, ERK1/2 also plays a postsynaptic role in LTP (Winder et al., 1999) . ERK1/2 is required for PKAmediated phosphorylation of GluA1 at S845 and AMPAR insertion at synapses (Zhu et al., 2002; Song et al., 2013) . Notably, hnRNP K silencing precludes GluA1 S845 phosphorylation and surface accumulation during cLTP, which suggests that ERK1/2 and hnRNP K contribute to the regulation of AMPAR trafficking during LTP.
Interestingly, hnRNP K knockdown not only prevented LTP and PSD-95 cluster enlargement but also reduced the mEPSC and PSD-95 cluster area. This result suggests that the loss of hn-RNP K function shifted the LTP cascade toward a form of LTD. ERK cascade activation in the hippocampus critically contributes to both LTP and NMDAR-dependent LTD and likely depends on the magnitude and kinetics of ERK activation and its subcellular distribution (Thiels et al., 2002) . In particular, it has been proposed that the extent of ERK activation is attenuated in LTD relative to LTP (Thiels et al., 2002) . Based on the cross talk between hnRNP K and ERK1/2, we hypothesize that hnRNP K silencing favors LTD induction over LTP by affecting the ERK1/2 activation state.
Although the role of hnRNP K in LTP relies on its ERKmediated phosphorylation, hnRNP K regulates spine density and basal synaptic transmission regardless of its activation state. Indeed, hnRNP K S284A/S353A was able to rescue spine and mEPSC deficits associated with hnRNP K siRNA expression.
In conclusion, the present study sheds light on a new and unexpected role of hnRNP K in the regulation of dendritic spines and synaptic plasticity in hippocampal neurons and highlights a positive feedback mechanism between hnRNP K and ERK1/2 that is crucial for LTP induction.
